In this paper, we have proposed a modified Marker-And-Cell (MAC) method to investigate the problem of an unsteady 2-D incompressible flow with heat and mass transfer at low, moderate, and high Reynolds numbers with no-slip and slip boundary conditions. We have used this method to solve the governing equations along with the boundary conditions and thereby to compute the flow variables, viz. u-velocity, v-velocity, P, T , and C. We have used the staggered grid approach of this method to discretize the governing equations of the problem. A modified MAC algorithm was proposed and used to compute the numerical solutions of the flow variables for Reynolds numbers Re = 10, 500, and 50, 000 in consonance with low, moderate, and high Reynolds numbers. We have also used appropriate Prandtl (Pr) and Schmidt (S c) numbers in consistence with relevancy of the physical problem considered. We have executed this modified MAC algorithm with the aid of a computer program developed and run in C compiler. We have also computed numerical solutions of local Nusselt (Nu) and Sherwood (S h) numbers along the horizontal line through the geometric center at low, moderate, and high Reynolds numbers for fixed Pr = 6.62 and S c = 340 for two grid systems at time t = 0.0001s. Our numerical solutions for u and v velocities along the vertical and horizontal line through the geometric center of the square cavity for Re = 100 has been compared with benchmark solutions available in the literature and it has been found that they are in good agreement. The present numerical results indicate that, as we move along the horizontal line through the geometric center of the domain, we observed that, the heat and mass transfer decreases up to the geometric center. It, then, increases symmetrically.
Introduction
The problem of 2-D unsteady incompressible viscous fluid flow with heat and mass transfer has been the subject of intensive numerical computations in recent years. This is due to its significant applications in many scientific and engineering practices. Fluid flows play an important role in various equipment and processes. Unsteady 2-D incompressible viscous flow coupled with heat and mass transfer is a complex problem of great practical significance. This problem has received considerable attention due to its numerous engineering practices in various disciplines, such as storage of radioactive nuclear waste materials, transfer groundwater pollution, oil recovery processes, food processing, and the dispersion of chemical contaminants in various processes in the chemical industry. More often, fluid flow with heat and mass transfer are coupled in nature. Heat transfer is concerned with the physical process underlying the transport of thermal energy due to a temperature difference or gradient. All the process equipment and mass transfer in a rectangular domain, along with slip wall, temperature, and concentration boundary conditions, using the modified Marker-And-Cell (MAC) method. Though there is a well known MAC method for solving the problem of 2-D fluid flow, we present a suitably modified MAC method as well as a modified MAC algorithm to compute the accurate numerical solutions of the flow variables to the problem considered in this work.
Our main target of this work is to propose and use the modified Marker-And-Cell (MAC) method of pressure correction approach to investigate the problem of unsteady 2-D incompressible flow with heat and mass transfer. We have proposed and used this method to solve the governing equations along with no-slip and slip wall boundary conditions and thereby to compute the flow variables. We have used a modified MAC algorithm for discretizing the governing equations in order to compute the numerical solutions of the flow variables at different Reynolds numbers in consonance with low, moderate, and high. We have executed this modified MAC algorithm with the aid of a computer program developed and run in C compiler. We have also computed numerical solutions of local Nusselt (Nu) and Sherwood (S h) numbers along the horizontal line through the geometric center at low, moderate, and high Re, for fixed Pr = 6.62 and S c = 340 for two grid systems at time t = 0.0001s.
The summary of the layout of the current work is as follows: Section 2 describes mathematical formulation that includes physical description of the problem, governing equations, and initial and boundary conditions. Section 3 describes the modified Marker-And-Cell method, along with the discretization of the governing equations. Section 4 describes a modified Marker-And-Cell (MAC) algorithm, along with numerical computations. Section 5 discusses the numerical results. Section 6 illustrates the conclusions of this study. Section 7 provides validity of our computer code used to obtain numerical solutions with the benchmark solutions. Figure 1 . illustrates the geometry of the problem considered in this study along with no-slip and slip boundary conditions. ABCD is a rectangular domain around the point (1.0, 0.5) in which an unsteady 2-D incompressible viscous flow with heat and mass transfer is considered. Flow is setup in a rectangular domain with three stationary walls and a top lid that moves to the right with constant speed (u = 1). We have assumed that, at all four corner points of the computational domain, velocity components (u, v) vanish. It may be noted here regarding specifying the boundary conditions for pressure, the convention followed is that either the pressure at boundary is given or velocity components normal to the boundary is specified [2, pp.129].
Mathematical Formulation

Physical Description
Governing equations
The governing equations of 2-D unsteady incompressible flow with heat and mass transfer in a rectangular domain are the continuity equation, the two components of momentum equation, the energy equation, and the equation of mass transfer. These equations (1) to (5) subject to boundary conditions (6) and (7) are discretized using the modified Marker-And-Cell (MAC) method. Taking usual the Boussinesq approximations into account, the dimensionless governing equations are expressed as follows:
x-momentum ∂u ∂t
Energy equation
Mass transfer equation
where u, v, P, T , C, Re, Pr, and, S c are the velocity components in x and y-directions, the pressure, the temperature, the concentration, the Reynolds number, the Prandtl number, and the Schmidt number respectively.
The initial, no-slip and slip wall boundary conditions are given by:
for t > 0, on boundary AB:
3. Numerical Method and Discretization
Modified Marker-And-Cell (MAC) Method
Our main purpose in this work is to propose and use an accurate numerical method that solves the governing equations of the present problem subject to the initial and boundary conditions. In order to solve the equations (1)-(5) which are semi-linear coupled partial differential equations, we propose and use the modified Marker-And-Cell (MAC) method based on the MAC method of Harlow and Welch [1] . Consider a modified MAC staggered grid for u, v, and a scalar node (P node), where pressure, temperature, and concentration variables are stored as shown in Figure  2 .. The x-momentum equation is written at u nodes, and the y-momentum equation is written at v nodes.The energy and the mass transfer equations are written at a scalar node. Accordingly, the various derivatives in the x-momentum equation (2) are calculated as follows:
Using the modified MAC method, the other terms in the x-momentum equation (2) are written as
Here v n i+1/2, j is given by For simplicity, we will implement a fully explicit version of the time-splitting (fractional time-step) method, for both the viscous and the diffusion terms. When this method is applied to the x-momentum equation on the staggered grid from time level t n tot yields the following equation at the intermediate step:
Similarly for the y-momentum equation we obtain the following equation:
Practical stability requirement obtained from the Von Neumann analysis for the Euler explicit solvers are given by Peyret and Taylor [4, 148] , as follows:
∆t Re
Now advancing from t n tot and thent to t n+1 one obtains the elliptical pressure equation:
The corresponding homogeneous Neumann boundary condition for pressure is given by:
Now using central difference scheme:
We obtain the velocity field at the advanced time level (n + 1), for each velocity component, this equation gives
The modified MAC staggered grid quotients of different derivatives which appeared in the energy equation is written as follows:
The discretized form of the energy equation (4) is given by:
The modified MAC staggered grid quotients of different derivatives which appeared in the mass transfer equation is written as follows:
The discretized form of the mass transfer equation (5) is given by:
We note that u n i, j is not defined on u node and v n i, j is not defined on v node. Therefore in order to obtain these quantity, we use averaging as given below:
Numerical Computations
We have used a modified MAC algorithm to the discretized governing equations in order to compute the numerical solutions of the flow variables at different Reynolds numbers in consonance with low, moderate, and high. We have executed this modified MAC algorithm with the aid of a computer program developed and run in C compiler. The input data for the relevant parameters in the governing equations like Reynolds number (Re), Prandtl Number (Pr), and Schmidt number (S c) has been properly chosen incompatible with the present problem considered.
Modified MAC Algorithm
We summarize the sequence of computational steps involved in the modified MAC algorithm as follow: 
Prediction Step
• Using (15) and (16) , calculateû andv at their respective grid point locations.
• Apply the initial and boundary conditions given in equations (6) and (7) respectively.
• These equations will be solved algebraically because time advancement is fully explicit.
• Linear stability conditions (17) , (18), (19) , and (20) must be obeyed.
• Divergence of the velocity field must be calculated at every time step, using the velocity field at the advanced time level, (n + 1),
∆y .
The sum of the divergence magnitude at all grid points should be satisfied to machine zero at each time step. If this quantity increases, the calculation should be terminated and restarted with a smaller time step.
Pressure Calculation
• Calculate pressure from Pressure-Poisson equation (21) .
• Boundary condition applied to the pressure equation at all boundaries is the homogeneous Neumann boundary condition given by (22) . This equation is solved at the pressure (i j). Note that the Euler explicit timeadvancement calculates the actual thermodynamic pressure (scaled by the constant density) and not a pseudopressure.
Velocity Correction
• Obtain the velocity field at the advanced time level (n + 1), for each velocity component, this equation gives
Temperature Calculation
• Calculate the numerical solutions for temperature profiles by using equations (26) and (28).
Concentration Calculation
• Calculate the numerical solutions for concentration profiles by using equations (27) and (28).
Results and Discussion
We used the modified Marker-And-Cell (MAC) method to carry out the numerical computations of the unknown flow variables u, v, P, T , and C for the present problem. We have executed the modified MAC algorithm mentioned above with the aid of a computer program developed and run in C compiler. To verify our computer code, the numerical results obtained by the present method were compared with the benchmark results reported in [3] . It is seen that the results obtained in the present work are in good agreement with those reported in [3] at low Reynolds number Re = 100. This indicates the validity of the numerical code that we developed. Based on the numerical solutions for u-velocity, Figure 4 . illustrates the variation of u-velocity along the vertical line through the geometric center of the rectangular domain at low, moderate, and high Reynolds numbers Re = 10, 500, and 50, 000. We can see that, for a given Re = 10 and Re = 500, u-velocity first decreases from the bottom boundary of the rectangular domain. It, then, increases to the upper boundary. But, for Re = 50, 000, u-velocity increases from the bottom boundary to the upper boundary of the rectangular domain. We also observe that, the absolute value of u-velocity decreases with increase in Reynolds number.
Based on the numerical solutions for v-velocity, Figure 5 . illustrates the variation of v-velocity along the horizontal line through the geometric center of the rectangular domain. It is clear that for a given Re, v-velocity decreases from the left boundary to the right boundary. Further, the absolute value of v-velocity decreases with increase in Reynolds number. Based on the numerical solutions for pressure, Figure 6 . illustrates the variation of pressure in the rectangular domain. We observed that, for Re = 10, the pressure is oscillatory in nature. However, for Re = 500 and Re = 50, 000, we observed the pressure decrease from the left boundary to the right boundary. Further, the absolute value of pressure increases with increase in Reynolds number. Based on the numerical solutions for temperature, Figure 7 . illustrates the variation of temperature at different Reynolds numbers (Re = 10, 500, and 50, 000), along the vertical line through the geometric center of the rectangular domain. It is clear that for a given Re, temperature increases from the bottom boundary to the upper boundary. Based on the numerical solutions of concentration, Figure 8 . illustrates the variation of concentration at different Reynolds numbers (Re = 10, 500, and 50, 000), along the vertical line through the geometric center of the rectangular domain. It is clear that for a given Re, concentration increases from the bottom boundary to the upper boundary. Grid dependence tests have been conducted on two grid systems (16 × 16 and 32 × 32). In order to evaluate the effect of the two grid systems on the natural convection flow in the rectangular domain, three representative quantities are evaluated numerically: the volumetric flow rate (Q), average Nusselt number (Nu), and average Sherwood number (S h) [26] across the horizontal centerline of the rectangular domain, which are defined as (also see [24, 25] 
where local Nusselt number (Nu), and local Sherwood number (S h) is defined as follows:
In the present problem length, L of the rectangular domain varies from 0 to 2, height, H varies from 0 to 1, ∆T = 0.5, and ∆C = 0.5. Then the volumetric flow rate (Q), average Nusselt number (Nu), and average Sherwood number (S h) across the horizontal centerline of the rectangular domain, take the form In order to investigate heat transfer from the bottom to the top wall of the rectangular domain, we have computed the numerical solutions of local Nusselt number for two different grid systems along the horizontal line through the geometric center of the domain at different Reynolds numbers. Figure 9 . illustrates comparison of computed local Nusselt number (Nu) from the hot bottom wall to the cold top wall at time t = 0.0001s. From this figure, we observe that, as we move along the horizontal line through the geometric center of the domain, heat transfer decreases up to the geometric center. It, then, increases symmetrically. In order to investigate mass transfer from the bottom to the top wall of the rectangular domain, we have computed the numerical solutions of local Sherwood number for two different grid systems along the horizontal line through the geometric center of the domain at different Reynolds numbers. Figure 10 . illustrates comparison of computed local Sherwood number (S h) from the hot bottom wall to the cold top wall at time t = 0.0001s. From this figure, we observe that, as we move along the horizontal line through geometric center of the domain, mass transfer decreases upto the geometric center. It, then, increases symmetrically.
Conclusions
In this study, we have proposed a modified Marker-And-Cell (MAC) method to investigate the problem of an unsteady 2-D incompressible flow with heat and mass transfer at low, moderate, and high Reynolds numbers with no-slip and slip boundary conditions. We have used this method to solve the governing equations along with the boundary conditions and thereby to compute the flow variables, viz. u-velocity, v-velocity, P, T , and C. We have used the staggered grid approach of this method to discretize the governing equations of the problem. A modified MAC algorithm was proposed and used to compute the numerical solutions of the flow variables for Reynolds numbers Re = 10, 500, and 50, 000 in consonance with low, moderate, and high Reynolds numbers.
Numerical solutions for u-velocity illustrates the variation of u-velocity along the vertical line through the geometric center of the rectangular domain at low, moderate, and high Reynolds numbers Re = 10, 500, and 50, 000. We have observed that, for a given Re = 10 and Re = 500, u-velocity first decreases from the bottom boundary of the rectangular domain. It, then, increases to the upper boundary. But, for Re = 50, 000, u-velocity increases from the bottom boundary to the upper boundary of the rectangular domain. We also observed that the absolute value of u-velocity decreases with increase in Reynolds number. The numerical solutions for v-velocity illustrates the variation of v-velocity along the horizontal line through the geometric center of the rectangular domain. We have observed that, for a given Re, v-velocity decreases from the left boundary to the right boundary. Further,we also observed that the absolute value of v-velocity decreases with increase in Reynolds number.
Numerical solutions for pressure illustrates the variation of pressure in the rectangular domain. We have observed that, for Re = 10, the pressure is oscillatory in nature. However, for Re = 500 and Re = 50, 000, we observed the pressure decrease from the left boundary to the right boundary. Further, we have also observed that,the absolute value of pressure increases with increase in Reynolds number. The numerical solutions for temperature illustrates the variation of temperature at different Reynolds numbers (Re = 10, 500, and 50, 000), along the vertical line through the geometric center of the rectangular domain. We have observed that, for a given Re, temperature increases from the bottom boundary to the upper boundary. The numerical solutions of concentration, illustrates the variation of concentration at different Reynolds numbers (Re = 10, 500, and 50, 000), along the vertical line through the geometric center of the rectangular domain. We have observed that, for a given Re, concentration increases from the bottom boundary to the upper boundary.
Based on the computed local Nusselt number(Nu) from the hot bottom wall to the cold top wall at time t = 0.0001s, we have observed that, as we move along the horizontal line through the geometric center of the domain, heat transfer decreases up to the geometric center. It, then, increases symmetrically. Based on the computed local Sherwood number (S h) from the hot bottom wall to the cold top wall at time t = 0.0001s.we have observed that, as we move along the horizontal line through geometric center of the domain, mass transfer decreases upto the geometric center. It, then, increases symmetrically.
Code Validation
To check the validity of our present computer code used to obtain the numerical results of u-velocity and v-velocity, we have compared our present results with those benchmark results are given by Ghia et al. [3] and it has been found that they are in good agreement. 
